We have solved the high-resolution crystal structures of the Drosophila melanogaster alcohol-binding protein LUSH in complex with a series of short-chain n-alcohols. LUSH is the first known nonenzyme protein with a defined in vivo alcohol-binding function. The structure of LUSH reveals a set of molecular interactions that define a specific alcohol-binding site. A group of amino acids, Thr57, Ser52 and Thr48, form a network of concerted hydrogen bonds between the protein and the alcohol that provides a structural motif to increase alcohol-binding affinity at this site. This motif seems to be conserved in a number of mammalian ligand-gated ion channels that are directly implicated in the pharmacological effects of alcohol. Further, these sequences are found in regions of ion channels that are known to confer alcohol sensitivity. We suggest that the alcohol-binding site in LUSH represents a general model for alcohol-binding sites in proteins.
The biochemical effects of alcohol are linked to changes in the structure and function of a range of different proteins including N-methyl-Daspartate (NMDA) type of glutamate receptors, γ-aminobutyric acid (GABA) receptors and glycine receptors (Gly-R) 1,2 that are ligandgated ion channels. The altered function of NMDA and GABA A receptors has been linked to alcohol tolerance, seizures during alcohol withdrawal, the development of alcohol dependency 1 and fetal alcohol syndrome 3 . Recently, evidence has emerged that alcohol-sensitive receptors have specific sites that make them more sensitive to clinical concentrations of ethanol (reviewed in refs. 4, 5) . Single point mutations in these sites can abolish or dramatically reduce sensitivity to ethanol [6] [7] [8] or can change the length of the alcohol that affects receptor function 9 . It has been proposed that alcohols stabilize a conformation of the receptor with altered function that persists until the alcohol is removed (reviewed in refs. 4, 5, 10) . These alcohol-binding sites also overlap with binding sites of some inhaled anesthetics including isoflurane, halothane and chloroform 6, [11] [12] [13] ; however, the binding sites for anesthetics and alcohols involve different subsets of amino acids.
There is little structural information available about the nature of alcohol-binding sites in alcohol-sensitive ion channels. The major proteins with a native alcohol-binding function are alcohol dehydrogenases, which invariably involve coordination of metal ions and other cofactors to the alcohol to carry out an enzymatic reaction [14] [15] [16] [17] . This mode of alcohol binding is unrelated to that involving the nonenzymatic sites that occur in alcohol-sensitive ion channels. Analysis of protein crystal structures solved using alcohols as cosolvents revealed that hydrogen bonds between the alcohol and protein are formed predominantly with atoms in the protein backbone 18 . These are nonspecific (sequence-independent) interactions and the mode of binding at these sites may be an artifact of the high concentrations of alcohol used (7-60% (v/v)). In contrast, pharmacological effects of alcohols are evident in the range of 5-150 mM (0.02-0.9% (v/v)). A blood alcohol level of 0.1%, the legal limit for driving in many US states, corresponds to a concentration of ∼22 mM. Structural and biophysical studies of anesthetics bound to model proteins have defined the importance of both nonpolar and polar groups in the binding sites of these molecules [19] [20] [21] [22] [23] and binding sites for alcohols will likely have a similarly amphipathic nature 18 .
LUSH is an odorant binding protein (OBP) from Drosophila that has a specific alcohol-binding function in vivo. LUSH is one of many OBPs found exclusively in the Drosophila olfactory system, and is expressed in a small subset of the chemosensory hairs that contain the olfactory neurons. OBPs are a family of 14-kDa proteins that are essential components of the insect olfactory system that mediate neuronal responses to airborne stimuli of pheromones and food odors. The OBP family of proteins includes the pheromone-binding proteins (PBP) and the general odorant-binding proteins (GOBP). These proteins are secreted into the sensillum lymph surrounding the olfactory neurons where they bind to odorant molecules 24 . The exact function of OBPs remains unclear but they may act (i) as transporters of hydrophobic odorant molecules that protect the odorant from degradation before activation of the receptors, (ii) as essential cofactors in activating odorant receptors or (iii) to remove odorants from the sensillum lymph. Other chemosensory proteins are implicated in insect olfaction, including those typified by CSPMbraA6 from the moth Mamestra brassicae. These proteins share no sequence homology with the OBP family and have completely different structures 25, 26 .
LUSH is required for the normal avoidance response to high, potentially toxic concentrations of short-chain n-alcohols 27 . Deletion of the lush gene results in a loss of this avoidance response only to ethanol, n-propanol and n-butanol. Wild-type and mutant flies show no difference in their response to methanol, longer n-alcohols and branchedchain alcohols such as isopropanol. This implies that LUSH has a sterically defined alcohol-binding pocket and that a LUSHalcohol complex may be required to activate the olfactory neurons 27, 28 .
We have solved the crystallographic structures of LUSH in complex with ethanol, n-propanol and n-butanol. Only a single alcohol molecule is bound to each structure, indicating the presence of a specific alcohol-binding site. Binding to alcohols occurs through a conserved mechanism, although the solution properties of the three complexes as detected by NMR differ. Notably, the alcoholbinding motif in LUSH is also found in several mammalian alcoholsensitive receptors and therefore may represent a general mode of 'high-affinity' alcohol binding.
RESULTS

Structure of LUSH-alcohol complexes
We determined the crystal structures of LUSH in complex with ethanol (1.49 Å), n-propanol (1.45 Å) and n-butanol (1.25 Å) at pH 4.6 and of the n-butanol complex at pH 6.5 (2.04 Å) ( Table 1) . The protein conformation is essentially identical in all these structures. The structure of the LUSH-butanol complex is shown (Fig. 1a) . The protein structure is similar to PBP from Bombyx mori and the complex it forms with bombykol, a C16 unsaturated alcohol 29 (Fig. 1b) . In summary, six α-helices (labeled α1-α6) and a short stretch of 3 10 -helix (labeled α5′) are arranged around a central hydrophobic cavity of ∼114 Å 3 in volume (Fig. 1a) . The alcohol-binding pocket is located at one end of this cavity.
Differences between individual structures solved at pH 4.6 occur predominantly at seven surface residues and at two amino acids at the noncrystallographic dimer interface. When these nine residues are omitted from the comparison, the r.m.s. deviation from the mean structure for all heavy atoms in the six individual proteins is 0.28 Å, and the r.m.s. deviation for backbone atoms is 0.04 Å. Except where specific differences are mentioned, the following discussions are valid for all three LUSH-alcohol complexes solved at pH 4.6. Amino acids are numbered beginning with the methionine at position 1, which is the cleavage point of the signal peptide and corresponds to residue 30 in the full-length protein. The protein construct used in these studies contains three additional amino acids at the N terminus, glycine, serine and histidine from the thrombin protease site. These residues are generally disordered and are not discussed in the text.
In the three LUSH-alcohol complexes solved at pH 4.6, the protein forms a noncrystallographic dimer that buries 1,280 Å 2 of surface area at the interface. In contrast, the structure of the LUSH-butanol complex solved at pH 6.5 shows no evidence of any dimer in the crystal even though the protein conformation is maintained with a backbone r.m.s. deviation of 0.55 Å. This latter complex has higher B-factors than structures solved at pH 4.6 (Table 1 ) and the position of the alcohol is not well defined.
Structure of the alcohol-binding site
Alcohol binds in a small pocket formed by amino acids from helix 3, helix 6 and the C-terminal strand (Fig. 2a) , and the electron density for ethanol and butanol is clearly present in their respective complexes (Fig. 2b,c) . This is the only observable alcohol-binding site in LUSH; there is no evidence of any other site. This is notable and suggests that the chemistry in the observed site is unique and has evolved to bind alcohols with higher affinity and/or specificity than other sites. This is also in contrast to volatile anesthetics that often bind to multiple sites within proteins 19 . This is consistent with Thr57 being a weaker acid than Ser52 and forming a stronger hydrogen bond when it acts as a hydrogen bond donor. If Thr57 forms a hydrogen bond to the alcohol, this reduces the likelihood of the alcohol accepting a second hydrogen bond 30 and increases the probability that the alcohol acts as a hydrogen bond donor to Ser52. Ser52 is then more likely to form hydrogen bonds to solvent or other groups in the protein. Molecular dynamics simulations (data not shown) provide support for these hydrogen-bonding patterns and suggest that the hydroxyl of Ser52 hydrogen bonds to the main-chain carbonyl of Thr48 (Fig. 2a) .
The conformation of the alcohols' alkyl chain varies among structures and depends on its length. Ethanol adopts a different orientation in each subunit of the noncrystallographic dimer. In one molecule, the methyl group points out of the pocket and in the other molecule it points down into the pocket. In the propanol complex, both chains point down into the pocket and contact Phe113, Trp123 and Ala110. If butanol were to bind in this same orientation it would have introduced steric clashes with the ring of Phe113; instead, it extends up from the pocket and contacts Leu76, Ala55 and the methyl of Thr57. Binding of propanol may already introduce unfavorable interactions with Phe113 as some conformational heterogeneity of Phe113 is observed in this complex. In contrast, Phe113 is in a single well-defined conformation in the ethanol and butanol complexes (Fig. 2b,c) .
Longer alcohols better stabilize conformation of LUSH
We examined the stability of different LUSH-alcohol complexes in solution using NMR spectroscopy (Fig. 3) . In the 1 H-15 N heteronuclear single quantum correlation (HSQC) spectrum of LUSH, we expect to observe 118 peaks from the backbone amide groups. In the spectrum of the LUSH-ethanol complex (Fig. 3b) , we observe 73 sharp peaks; the remainder are either broad or missing, indicating that regions of the protein are in intermediate exchange on the NMR timescale. In contrast, in the spectrum of the LUSH-butanol complex we observe 107 of the expected 118 peaks (Fig. 3a) , a result that represents a substantial improvement in the overall stability of the protein. When alcohol was removed from these samples the majority of the peaks were broadened or no longer visible (Fig. 3c) . However, a common subset of peaks is observed in all three spectra. We conclude that in the absence of alcohol, core regions of the protein appear to be well structured but other regions of the protein are in conformational exchange. Binding of alcohol stabilizes the protein structure and the degree of stabilization depends on the length of the alcohol chain.
DISCUSSION
We have solved the three-dimensional structure of an alcohol-binding protein, LUSH, bound to a series of short-chain n-alcohols. These results have implications for both odorant recognition in the invertebrate olfactory system and in understanding alcohol-binding sites in alcohol-sensitive proteins in mammalian systems.
Functional consequences in odorant binding proteins
The structure of LUSH has features in common with both the free 31 and bound 29 forms of PBP from B. mori (Fig. 1) . The major difference between LUSH and PBP is the packing of helix 1 and the C-terminal tail. In LUSH, the C-terminal tail folds into the core and forms part of the alcohol-binding pocket, whereas helix 1 packs on the outside of the protein (Fig. 1a) . In the PBP-bombykol complex, this configuration is reversed: helix 1 packs in the interior of the protein and forms part of the ligand-binding pocket and the C-terminal tail packs on the outside of the protein (Fig. 1b) . This would indicate that members of the OBP family have at least two distinct structural isoforms. LUSH and PBP share common structural features with the protein THP-12 (ref. 32) , which is a putative carrier of hydrophobic molecules in the beetle Tenebrio molitor. The structure of THP-12 was solved without ligand, and under these conditions the N-terminal region, corresponding to α-helix 1 in LUSH, is unstructured 32 . Conformational changes associated with ligand binding in OBPs and other invertebrate chemosensory proteins have been suggested to be part of a mechanism that allows activation of odorant receptors 25, 29, 32 . The conformational changes in the structure of PBP associated with pheromone binding at pH 6.5 are very small 31, 33 . In contrast, binding of alcohol to LUSH produces a marked change in conformational stability and this altered conformation may be recognized by odorant receptors or other proteins in the sensillum lymph. Such conformational changes provide a mechanism to distinguish between the bound and unbound forms of the OBP. A comparison with the structure of THP-12 would suggest that these conformational changes are likely to be associated with α-helix 1. However, preliminary NMR data suggest that changes in LUSH are associated with amino acids in α-helices 3-6 that provide the scaffold of the alcoholbinding pocket (B. Bucci & D.N.M.J., unpublished results). The magnitude of these conformational changes is unclear and remains part of ongoing studies. PBP undergoes a pH-dependent conformational change that results in a structure that cannot bind bombykol 34 . At low pH the C-terminal tail of PBP forms an α-helix that folds into the core of the protein and occupies the ligand-binding site 33 . This does not seem to be the case for LUSH, which has the same structure in the crystal at pH 4.6 and pH 6.5 and still binds to alcohols at pH 4.6. Therefore, conformational changes in LUSH associated with ligand binding seem to be independent of local pH factors that have been suggested to mediate PBP function 33 .
Toward a 'high-affinity' alcohol-binding site Alcohols are relatively weak hydrogen-bond donors and/or acceptors. Our studies of LUSH point to a protein structural motif that may help to increase the relative binding affinities of such molecules to proteins by the formation of a concerted network of hydrogen bonds. If this were not the case, we would expect alcohols to bind to multiple sites within the protein wherever a small hydrophobic patch is in close proximity to a hydrogen-bond acceptor or donor group. This is not the case for LUSH, where we observe only a single alcohol-binding site. The existence of this motif explains the need for both hydrogenbond donors and hydrogen-bond acceptors in this site. Hydrogen bonds to the alcohol change the polarization of the hydroxyl group and make it a better hydrogen-bond donor to other groups in the protein 30 . This may be particularly important for short-chain alcohols such as ethanol, whereas binding of long-chain alcohols may be dominated by nonpolar interactions that would require fewer hydrogen bonds to produce the same overall binding affinity as ethanol.
Molecular modeling studies of alcoholbinding sites in the GABA A and glycine receptors have identified a potential site as a hydrophobic pocket formed by amino acids from the second and third transmembrane domains 6, 9, [35] [36] [37] . The recent structure of the transmembrane domains of the Torpedo n-acetylcholine receptor (nAchR) supports this model 38 and suggests the alcohol-binding site is in a pocket between the transmembrane helices. Notably, the alcohol-binding motif in LUSH also appears to occur in GABA A -R, Gly-R, nAchR and in the alcohol-sensitive region of the Drosophila Shaw voltage-sensitive potassium channel (Fig. 4) , which is sensitive to ethanol concentrations of 17-170 mM (ref. 39) . Other members of this family of potassium channels, which have a leucine or glycine in place of the final threonine, are not sensitive to these alcohol concentrations 39 .
The alcohol-binding site of LUSH is not absolutely conserved in the putative alcohol-binding regions of these other channels (Fig. 4) , and we do not expect sequence alignments to correctly identify all alcohol-binding sites. It is more likely that conformational proximity of serine and threonine residues from distal regions of a protein will provide the appropriate structural motif to form a high-affinity alcohol-binding site. Inspection of the nAChR transmembrane domains reveals a number of sites where a pair of serine or threonine residues may be able to form concerted hydrogen bonds with alcohols in the manner observed in LUSH. Several of these potential sites are in close proximity to Leu257, which is equivalent to Ser270 in GABA-R and Ser267 of Gly-R. However, in contrast to the effects seen with the GABA-R and Gly-R, mutation of this leucine in the rat nAChR-α2 subunit (Leu261) does not eliminate ethanol sensitivity, but rather increases potentiation to acetylcholine 40 . This led to the conclusion that this leucine is not part of an alcohol-binding site but rather is in proximity to an alcohol-binding site 40 . Therefore, although our studies do not fully explain the properties of all potential alcohol-binding sites in membrane-associated proteins, the structure of LUSH may provide insight into the structural requirements of specific alcohol-binding sites that seem to be common to several alcohol-sensitive ion channels, including those with direct medical importance.
METHODS
Protein expression and purification. LUSH cDNA (accession code AF001621) was PCR amplified and subcloned into the NdeI/BamH1 site of pET28a (Novagen). The primers used were 5′-GACCTTTGGCATATGACCATG-GAACAGTTTCTGACCTCTCTGGACATGATCCGCAGTGGC-3′ and 5′-TTA GCGCGGATCCTATTAAGGCCACATGAACTGCCCATC-3′ with the NdeI and BamH1 sites underlined, respectively.
LUSH was prepared by overexpression in Escherichia coli strain BL21 (DE3) (Novagen). Cells from 1 liter of culture were resuspended and lysed in 20 mM Tris, pH 7. (Sigma). After centrifugation, the pellet was washed twice with 20 ml 0.5% (v/v) Triton X-100, 1 mM EDTA. The protein was solubilized in 5 M guanidine hydrochloride, 5 mM DTT and refolded using a cysteine-cystine redox reaction 34 in the presence of 1% (v/v) of the n-alcohol. Soluble protein was dialyzed against 20 mM sodium phosphate, pH 6.5, 0.3% (v/v) alcohol and concentrated before purification by Ni 2+ -NTA (QIAGEN) affinity chromatography. The His 6 tag was removed using the Thrombin Cleavage Capture Kit (Novagen) and the identity of the purified protein was confirmed by MALDI-TOF mass spectrometry (m/z + = 14,472).
Crystallization and data collection. LUSH crystals were grown in 100 mM sodium acetate, pH 4.0, 25-30% (w/v) PEG 4000, and 0.3% (v/v) alcohol at either 4 °C or 18 °C and flash frozen in liquid nitrogen. Selenomethionylsubstituted (Se-Met) LUSH was prepared by expression in E. coli strain B834 (Novagen) grown in M9 minimal media containing 100 mg l -1 Se-Met (Sigma). MAD data was collected at three wavelengths on beamline X12C at the National Synchrotron Light Source at Brookhaven National Laboratory (Upton, New York) through the Mail-In Data Collection service. Data were processed using DENZO and SCALEPACK (HKL Research) 41 . Native data for LUSH-alcohol complexes were collected at the Advanced Photon Source at Argonne National Laboratory (Argonne, Illinois) on Beamline SBC 19BM and processed using HKL2000.
Crystals of the LUSH-butanol complex at pH 6.5 were grown using a protein solution in 100 mM Tris pH 8.0, 0.3% (v/v) n-butanol against a reservoir solution of 100 mM MOPS, pH 6.5, 30% (w/v) PEG 4000, 0.3% (v/v) n-butanol. A complete data set for this structure was collected at University of Colorado Health Sciences Center (UCHSC, Denver, Colorado) using a Rigaku Raxis-IV ++ area detector and processed with DENZO and SCALEPACK.
Structure determination and refinement. Initial phases for the MAD data set were calculated using the program SOLVE 42 , which identified four of the possible nine selenium sites. After solvent flattening with RESOLVE 42 , models were built in O 43 and the structure refined to 2.2 Å. The native data sets were used to refine the structures in the P4 3 space group using the programs REFMAC 44 and CNS 45 . Hydrogens were added in all three structures and anisotropic temperature factors were used for refinement of the n-butanol data. Waters, four acetate molecules and two molecules of ethanol, n-propanol and n-butanol were added per dimer in each of the respective structures. The structure at pH 6.5 was solved using molecular replacement in CCP4 (ref. 44) . The stereochemistry of all protein models was analyzed with PROCHECK 46 , CNS and REFMAC. NMR spectroscopy. 15 N-labeled LUSH was prepared by cell growth in minimal media containing 15 N-labeled (99 atom %) ammonium chloride. Samples for NMR were made in 90% H 2 O and 10% D 2 O containing 20 mM sodium phosphate, pH 6.5, and 30 mM alcohol as described for X-ray crystallography. The protein concentration was 400-600 µM. Samples without alcohol were prepared by exhaustive dialysis into the same buffer but without the alcohol. The concentration of these samples was 100 µM. 1 H-15 N HSQC spectra 47 were collected on a Varian Inova 500 MHz spectrometer at UCHSC.
All structural models were made using MolScript 48 and electron density figures were constructed using BobScript 49 and rendered using Raster3D 50 .
Coordinates. Protein structures have been deposited in the Protein Data Bank (accession codes 1OOF (ethanol), 1OOG (propanol), 1OOH (butanol, pH 4.6) and 1OOI (butanol, pH 6.5)).
